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The ■peetrum of HD 97046 bos boon moftsurod with a rotoMnc pcrwor of 460 
botwoon 3.37 and 3.64 fOBa. Tbo provadnant foaiuro naar 3.5 fim, diaeownod by 
BUdaa and Whittat, it w^ raaolwtd, with a peak at 3.53 Am md a wing a xtan di n g 
to Khortar wwrel^^ngth. Tha Waakar taatura naar 3.4 7001 is found to paak at 3.43 
in contrast to tha 3.40 Aim faatura saan in other astronomical objaeta. Tba 
bboaraad wpactrum stronfly rasamblas laboratory spaetra of mixturos of 
monomorle and dimarie tonnaldahyda ambaddad in low iamparatura solids. Of 
various pbssibla axcitation maebanisma, ultrariolat punq^d inlrarad Ouoraa* 
canca of formaldahyda in intarstallar grains provides tha bast explanation tor 
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The ipeetre (4 HD 07046, ratioed to thoee of 7 Cha, are shown in Figure 1. 
Other than an apparent owsraU deoraase In flux In 1062, which Is within our eali- 
bration uncertainties, the two spectra are virtually identical. The peaks of the 
two emission features occur at 3.53 /im and 3.43 pm. The hrightar feature at 
353 pm has a full widUi at half maximum of about 0.035 pm and an asymmetric 
profile with a tail extending to shorter waesleogths. The drop-ofl from the peak 
to longer wavelengths is steep but rMolved. The shorter wavelength feature is 
centered at 3.42 /im. and has distinct peaks at 3.41 pm and 3.43 pm. The 3.4 
^im feature was identified by BUdes and Wldttet with the 3.4 pm feature seen in 
NGC 7027 and other sources. Aitken and Roche called attention to the unusual 
strength cX the 3 4 pm feature in HD 07046 however; it is considerably brighter 
than the 3.3 pm feature, a situaticm reversed fr«n that observed elsewhere, for 
example in NGC 7027. In addition, both grating spectra (Grasdalen and Joyce 
1976b) and FTS spectra (Tokunaga and Young 1060) obtained at resolutions com- 
parable to ours (10 cm'* and 4 cm~'. respectively, compared to our 6.3 cm'*) 
Au>w cleariy that the feature In NGC 7027 is centered at 340 pm and has no 
peak at 3.43 pm. It appears that the 340 pm feature, seen in eoii)unction with a 
3.26 pm feature in many objects, contributes only a small part of the flux near 
34 pm in HD 07046. A weak shoulder does appear at 3.40 pm in Figure 1 ; this 
may be the usual 3.40 pm feature. 

Comparison of the spectra in Figure 1 with that publiriied ^ Aitken and 
Roche (1061) reveals two interesting anomalies (see Table 1 ). First, the 
equivalent width ot both features are higher in the Aitken and Roche data than 
in ours. Second, the ratio of the strength of the 3.4 ^tm fbatura to that of the 3.5 
pm feature is considerably larger in the Aitken and Roche data. It would i^pear 
that the intensities of these features varied between January 1060 and April 
1061. However, the equivalent widths in Blades and Whittets's spectrum agree 
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the obeenred ipeetrum of HD 97046. 

Attention wai drawn to HD 97046, a likely pre-mainrMi]uenee star in the 
Ouunaeleon T aoociation. by Bladei and Whittet (I960) who measured its 3-4 
pm spectrum at a resolving power of ~50 and discovered a bri^it and l»oad 
unisslon feature near 3.5 pm. Although many astronfxnical objects display 
mid-infrared eminion features, probably due to vibratimial of molecules 

bound in grains (see review by Aitken 1961), the 3.5 pm emission feature 
appears to be q^te rare. Allen sf of. (1963) have made a survey of 56 emisslon- 
Itne stars and stellar planetary nebulae and detected 3.5 pm emission only from 
HD 97046 and Ettas 1. 

HD 97046 has a spectral type of B9A0 Ve and illuminates a reflection nebula 
in the Chamaeleon dark cloud at a distance of ~150 pc from the sun. Variable 
tqrdrogen line emissicm (Irvine and Houk 1977) and an infrared excess (Gras- 
dalen et at 1975) both indicate that it is losing mass. In addition to the unusual 
3.5 pm feature, HD 97046 shows emissiim features near 3.3, 3.4, and 11.3 pm 
(Blades and Whittet 1960; Aitken and Roche 1961), which are among those seen 
in other astronomical objects. The 3.3 and 11.3 pm features have an intensity 
ratio like that seen elseidiere, but whereas other objects have a weak 3.4 pm 
feature associated with that at 3.3 pm, the intensity ratio of thsM features is 
reversed in HD 97046. This suggests an additional contributimi near 3.4 
perfa^s from the same species which is responsible for the 3.5 pm feature. 

Blades and Whittet suggested that the 3.4 and 3.5 pm features in HD 97046 
oould be due to formaldehyde (HgCO) or polyoxymethylene (n-HcCO). Aitken and 
Roche showed that the ultraviolet flumescence mechanism of Allamandola 
Nmnan (1976) could e:i 9 lain the 3.4 and 3.5 pm emission if 30X of the ultra- 
violet photons emitted by the star shortward of 200 nm resulted in fluorescence 
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in th«M b«adi. Ihay w»r« abl« to nde out polyoxymoth^ono howovor, bocnuM 
ct tht Uek oC on axpectod ttrong loatur* noar 9 ^iin. and on this baais ooDr 
daoinad ttaa 3.4 and 3.5 fim banda "to Join tha ranka ot tha unidantiflad.” 

In this papar. wa praaant naw apaetroaeopic obsar?atl«» of HD 97048 which 
raaolsa tha 3.4 and 3.5 /icn faaturat. Comparison ot thasa obsanrations with 
laboratory spactra lands further support to thair idantlflcation with HgCO. Wa 
also show that tha axistanca ot thasa taaturar in this particular objact is battar 
explained by tha ultraslolat'pumpad fluoraseanea modal of AUamandola and Nor- 
man (1978) than by tha bimodal grain aiza modal of Dwak of o(. (I960). 


In ordar to battar datarmina tha prt^as ot tha infrarad amission faaturas 
in HD 97048. wa obsarvad tha source »!L higher spectral rasoluUon than has bean 
reported to data. Tha olwarvationa ware carried oat aa tha 2.5m du Pont tala- 
scopa at Las Campanas Obaanratory, using tha 1-5 /im grating spactromatar 
dasortbad by Panson, Gaballa and Baas (1962). Tha instrumaot was sat up to 
glwa a spectral rasohring power of 450 at 3.5 fan:, this corresponds to a resolution 
ot 5.3 cm~^ or 0.0078 fan. Standard infrared chopping and baamswitching tach- 
niquas ware used; tha entrance aperture was 8 " in diameter, and tha throw was 
60”. HD 97048 was obsarvad in 1961 April and again in 1982 May. It was 
observed on several nights in 1981; tha bast pair of spectra are presented hare. 
TVo pairs of scans were measured in 1962. In order to correct for atmospheric 
absorption and to divide out tha system response, we have ratioad the observed 
spectrum of HD 97048 to that of the nearby star 7 Cha (MO 111) which was 
^served through a similar air mass. At our spectral resolution, tha atmos- 
pheric features in the 7 Cha spectrum are betwaan 15 and 25X deep, so we 
expect uncertainties due to residual atmospheric features to be no greater than 
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nie apcctra of HD 97046. ratlood to thot* of y Cho. or* ihown in Fig\irt 1. 
Othor than an apparont oirarall daeroato In flux in 1068. which la within our call* 
bratlon unoartaintlaa. tha two apactra ara alrtuaUy Idantlcal. lha paaka of tha 
two amlaalon taaturaa occur at 3.63 pm and 3.43 pm. Tha brighter taatura at 
3.53 pm haa a full width at half maximum of about 0.035 pm and an aaymmatrlc 
proflla with a tail axtandlng to ahortar waaalangtha. Tha drop-<A from tha paak 
to loDgar warelangtha la ataap but raaolwad. Tha ahortar waaalangth taatura ia 
oantMwd at 3 42 pm, and haa dlaUnot paaka at 3.41 pm and 3.43 pm. The 3.4 
pm faatura waa idantlflad by Bladaa and Whtttat with tha 3.4 pm taatura aaan In 
NGC 7087 and other aourcaa. Altkan and Rocha called attention to tha unuaual 
atrangth of the 3.4 pm feature in HD 97046 however. It ia conalderably brighter 
than tha 3.3 pm faatura. a altuaticm revaraed ftrom that obaarvad alaawhara. for 
example in NGC 7027. In addition, both grating apactra (Graadalan and Joyce 
1976b) and FTS apactra (Tokunaga and Young 1060) obtained at raaolutlmia com- 
parable to oura (10 cm** and 4 cm~'. raapacUvaly. oomparad to our 6.3 cm~') 
ahow clearly that tha faatura In NGC 7087 ia cantered at 3.40 pm and haa no 
paak at 3.43 pm. It appaara that tha 3.40 pm faatura. aaan In crajunctlw with a 
3.86 pm feature in many objects, contributaa only a amaU part of tha flux near 
34 pm in HD 07046. A weak ahouldar doaa appear at 3.40 pm in Figure 1; thla 
may be tha uaual 3.40 pm feature. 

Compariaon of tha apactra in Figure 1 with that publl^ad by Aitken and 
Rocha (1061) revaala two intareating anomallaa (aaa Table 1). Firat. tha 
equivalent width of both faaturaa are higher in the Altkan and Rocha data than 
in oura. Second, tha ratio of the atrangth of tha 3.4 / 4 m faatura to that of tha 3.6 
pm faatura ia oonaidarably larger in tha Altkan and Rocha data. It would appear 
that tha Intanaitiaa of thaaa faaturaa varied between January 1960 and April 
1061. However, tha aqulvalant widths in Bladaa and Wbittata'a apactrum agree 
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w«U with our rosults, and wo oboerved no ehonge In tho oquivalont widths 
botwoon 1961 and 1962. Wo also mado spatial scans of HD 97046 in 1962 to tost 
whothor oxtondod omission eould eauso tho oquivalont widths to bo aportvuro 
dopondont. No ovldoDco of oxtonslon was soon, limiting tho sourco slzo to loss 
thitn 2" FWHM. Although wo cannot bo suro of tho oxplanatlon for tho 
discrepancy in measured oqulyalont widths, wo note that there are six strong 
atmospheric absorption features across the 3.4 /un feature and none near 3.5 
/iwi If a part tit tho 3.4 /im feature wore duo to a narrow omission lino, it could 
vary In Intonslty with tho hydrogen linos or could move in and out of an atmoo- 
phorlc absorption feature with tho earth’s motion or with atmospheric varla- 
tions. 

Idontlfleation of tho Fsaturos 

On tho basis of tho wavelength colncldonco alone. Hades and Whlttot (1960) 
suggested that the 3.4 and 3.5 fjm features in HD 97046 eould be due to fcxmal* 
dehyde bound to grains. The higher resolution spectra presented here allow a 
more detailed comparison with laboratory spectra. Because the 3 fjm vibra- 
tional bands of H|CO bound in a solid show ■tmiler Infrated and Raman spectra, 
either type of spectrum can be used for comparison with the astrtxmmical 
observations. Raman spectra of the Vi and t /4 fundamental modes of HiCX) (sym- 
metric and antisymmetric C-H stretch respectively) embedded in argon and 
nitrogen matrices at 22K have been obtained by Khoshkhoo and Nixon (1973). 
Two representative spectra are shown in Figure 2. The peaks labeled U and D 
are due to formaldehyde monomers and dimers, respectively, and vary In rela- 
tive intensity with the formaldehyde concentration in the samples. Tbs labora- 
tory spectra are very similar to those of HD 97046, supporting the Identification 
of the 3.5 and 3 4 /im features with HtCO. If this identification is correct, the 
wing on the blue side of the 3.5 /im feature would be due to dimers and possibly 


- 6 - 


, A. PAGE IS 

OF POOR QUAUTY 


other complexes of H«CO. The structure in the 3.4 fjm peak cotild also be due to 
monomeric and dimeric HsCO. 

Laboratory aboorption studies by one of us (L. J. ^) have failed to find any 
other astrophysieally plausible molecule with a pair of bands near 3.4 and 3.5 
/jm. C-H stretching bands of non-aldebydic molecules generally occur at shorter 
wavelengths. It is also significant that infrared spectra of frozen mixtures ct 
HgO, CO, CH«. and NHs taken in the laboratory (by L J. A. and F. B.) after photo* 
lysis by vacuum ultraviolet light have shown that a fraction (up to 

lOX) of the original mixture was converted into HsCO and that the HsCO was not 


readily photodissociated. These facts, coupled with the relative simplicity and 
known astrophysical presence of HsCO further support oxir identificatiMi of the 
features in HD 97046. 

Two differences between the laboratory and astronomical spectra are 
apparent and must be explained. First, both features are seen at higher fre* 
quency in the astronomical spectra; the stronger feature is shifted by 33 cm~^ 
This shift is relatively small (IX of the band energy) and could be due to interac- 
tion of the HsCO molecule with a^Jacexit molecules in the grain. Observations cd 
a shift of about one half the required amount as a result of hydrogen bonding to 
HsO (see Table 2) indicate that a 33 cm~‘ shift is not unreasonable. The Vi and 
Wt bands of associated l^CO are in fact shifted by almost the required *mnunt 
(Harvey and Ogilvie 1062; see Table 2) from those of gaseous HsCO. 

We note here a distinction between polymerized formaldehyde (polyoxy- 
meUi]dene or n-HsCO) and associated formaldehyde. Polymerizaticm of formal- 
dehyde involves a change in the molecular structure, whereas association 
involves only relatively weak hydrogen bonding. The chemical stnictures of 


HsCO and n-HsCO are; 
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At the temperatures of interstellar grains individual HsCO molecules can be 
■tiick together vrithout pol3ncnerizing. Tt ese complexed molecules, vdilch are not 
tree, but are perturbed by adjacent l^CO molecules, are called "associated" by 
Harvey and Ogilvie. 

The 6>13 fim spectrum Aitken and Roche ruled out polytormaldebyde 
since the expected 9 pm band was not detected in their spectrum. However, iso> 
lated or associated HsCO shows a much weaker absorption in this band (Harvey 
and Ogilvie 1962) which may have escaped detection. A weak feature is present 
in their spectrum at 6.6 pm, coincident with the band ot monomeric HsCO 
(Khoshkhoo and Nixon). This evidence is not conclusive, however, as an 6.6 pm 
feature is seen in other objects which lack the 3.53 and 3.43 pm features. A 
better test of the propoeed identification with HgCO would be observation of the 
CsO stretch band at 5.75 pm, although a non-detection would not necessarily 
imply the absence of HfCO if mode sensitive non-radiative processes play a role 
in deexciting the molecules. 

A second difference between the laboratory and astronomical spectra is 
that the observed spacing between the two peaks in HD 97048 is 80 cm~*, comr 
pared with the laboratory splitting of 65 cm~‘. Interactions with adjacent grain 
molecules may also explain this discrepancy, since the different vibrational 
modes could respond differently to interactions which constrain the formal- 
dehyde molecule. The 1/4 band does shift more than the Vi band in being frozen 
in a matrix (Khoshkhoo and Nixon), although the splitting does not change in 
going from an argon to a nitrogen matrix or to the hydrogen bonded system of 
H|0;H«C0 in argon. Alternatively, the 3.4 pm feature in HD 97048 may be due to 
more than one species. It could tor example be due to a 3.40 pm feature associ- 
ated with the 3.26 pm band, a 3.45 pm feature due to HfCO, and perhaps a third 
feature centered near 3.43 pm. 
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Th« identification of the 3.43 and 3.53 fim features as due to HgCO would 
seem unlikely if a 3.5 /im feature which appeared for a short time in two novae 
(Grasdalen and Joyce 1976a. R. R. Joyce, private communication) were caused 
by the same species; it is unlikely that the grains flowing out from a nova could 
be sufficiently cold to allow H«CO to condense. Ihe spectral resolving power of 
the Nova Cyg data is high enough however (X/fiX 45) that the 3.4 /Jm feature 
should have been seen easily: it should have looked much like that of Blades and 
Whittet’s HD 97046 spectrum taken at a resolving power of 50. there is no evi- 
dence for any 3.4 fjm feature in the nova spectra, however, indicating that the 
3.5 /an feature seen there probably has a different origin from that seen in HD 
97048. 

Two models appear most promising to explain the infrared emission bands 
generally; the ultraviolet-pumped infrared fluorescence model of AUamandola 
and Norman (1078) and the bimodal grain size model of Dwek at al (1960). In the 
AUamandola and Norman model, ultraviolet light is absorbed by mt^ecviles 
bound in the grains, leaving the molecules vibrationaUy excited. Some of the 
vibrationally excited molecules then radiatively decay before the vibraticmal 
energy can be distributed among other modes of tbs grains. Dwek at of argue 
that there are not enough ultravi<4et photons to account for aU of the infrared 
features, particularly those at the longer wavelengths, ~ 10 /im, which are 
observed from most astronomical sources showing these emission features. 
They instead suggest that two grain populations exist. Large, cool grains would 
account for the infrared absorption bands, whereas small hot grains would 
account for the emission features. The small grains could absorb ultraviolet 
radiation efficiently, but would be relatively inefficient at emitting infrared radi- 
ation except at resonant frequencies of bound molecules This hypothesis for 
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the excitation mechanism for the unidentified emission features has recently 
been criticized by 0lofson(l982) who vgues that the observed emission at 3.28 
/im in tiro well studied sources Implies a much higher fiux in the 10 /on region 

hAM been observed, unless the resonant emitters possess abnormally strong 
intrinsic band strengths. 

Dwek si al argue that because the 3.3 fjm feature is so often associated with 
the other features it must be excited in the same way. These arguments prob- 
ably do not apply to the particular case of HD 97046, however. The 3.5 fjox 
feature is neariy unique to this object so it need not be excited in the same way 
as the other features. In addition, other aspects of the spectrum of HD 97048 
mitifB it difficult to explain the 3.5 /im feature by thermal enoisslon from grains. 
The Infrared excess from HD 97046 is apparently dominated by grains with tem- 
peratures of about ~600 to 1200 K (Grasdalen et al 1975; Glass 1979). A consid- 
erably cooler grain component is required for the 3.5 /im featxire, however, as 
HfCO evaporates quickly at ~200 K. Since the cool grains which could emit 
the 3.5 /im feature contribute very little of the 3.5 fim continuum radiation, the 
feature would have to have an unreasonably large equivalent width in the cool 
grains. 

The ultraviolet-pumped fluorescence model can In principle have the 
required high quantum yields for conversion of ultraviolet photons into Infrared 
photons, provided thd the excited vibrational states do not quickly decay into 
the phonon modes of ths grains. The efficiency of this mechan* is therefore 
critically dependent on the lifetlm;..s of the excited states. These lifetimes 
depend on the strength of the coupling of each mode to the lattice and and 
decrease as the temperature of the grains increases. In this model, mode 
dependent non-radiative relaxation processes can account for the weakness of 
the 9 fxm band while the 3.5 /un band remains strong. 




- 10 - 


Th 0 ultraviolet radiation from HD 9704B can be converted efficiently Into 
infrared enilaeion from frozen HgCO since the radiation from this AO star peaks 
near 300 nm irfafle solid HfCO absorbs over a broad band sbortward of 360 nm 
(licQuigg and Calvert 1069). The total flux emitted shortward of 360 nm is 
~lxi0~**W cm~*. a factor of five larger than calculated by Aitken and Roche who 
included only wavelengths shortward of 200 nm. Consequently, the energy 
conversion factor per H|C0 molecule can be as low as 3xi0~^ to account for the 
observed 3.4 and 3.5 pm fluxes. 

The low grain tenqieratures which are required for HgCO to remain frozen in 
grain mantles points to the reflection nebula around HD 07046 as the source of 
the 3.4 and 3.5 pm emission. Our spatial scans of the source at the peak of the 
3.5 pm emission feature argue against this Interpretation, however. The emis- 
sion was observed to be extended over no more than 2*', which corresponds to 
300 A.U.. or 1.5xl0~^ pc. To obtain an adequate number of grains in a column of 
length 300 ^U. (assuming the emitting column to be no longer than it is wide) 
would require a cloud density of kl0*cm~*, for a normal gas to dust ratio, and a 
band oscillator strength of f < 1. As HD 07046 is clearly not embedded in a 
dense molecular cloud, it appears that the emitting grains must be of eir- 
eumstellar origin. These grains could either have formed in the gas flowing out 
from the star or be contained in remnant protostellar material. In either case 
the grains would probably have to be contained within dense condensations In 
order that they be sufficiently cool to allow HgCO to be bound within their man- 
tles. With no shielding from the stellar radiation grains at 300 A.U. from an AO V 
star would have temperatures between ~100 and 300K, depending on their 
absorption and emission properties. Although we know of no unambiguous way 
to choose among the various origins of the grains, the possibility of dense con- 
densations within a protostellar nebula seems particularly interesting as a likely 
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itag* tn th« formation of a planatary lytiam. Such a ihort-livad ^laae would 
alio proYida a natural explanation for the rarity of tha 3.S fjxn faatura. 


Tha 3.4 and 3.5 fun amiialon faaturaa in HD 07048 have baan ramaaiurad 
with a apactral resolving power of 450. Ihe faatura profllaa. which are now 
resolved, support tha assignment to H|C0. Ihis assignment and the observed 
fluxes are difficult to reconcile with the thermally induced resonance radiation 
model ot Dwek at nl. On the ot*jer hand, it does appear poesible to explain the 
observations by ultraviolet-stimulated ir**vad emission from H|CO frosen on 
grains. This model requires inefficient conversion (rf vibrational excitation into 
thermal modes of the grains. Laboratory experiments are now in progress to 
measure the relative rates of radiative and non-radiatlve deexcitation of H|C0 
and other molecules frosen in solids. The small observed angular extent and 
required low grain temperatures suggest that the emitting grains are in conden- 
sations m circumstellar, and possibly protostellar, material. 

We wish to thAnk the staff of the Ins Campanas Observatory for their help in 
carrying out the observations. This research was supported in part by the 
National Science Foundation (S.E.P.). by NASA (J.H.L). and by the Dutch Organi- 
zation for the Advancement of Pure Research (ZWO) (F.B. and LJ.A.). 
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Ob»Tvd Equlvaltnt Wldth« 


Date 

Wj^(3.4) 

.,(3.5) 

Vj^(3.4)/Wj^(3.5) 

reference 

1979 Mar 

0.06 uB 

0.10 

0.6 

Blades and Whlttet 

1980 Jan 

0.12 

0.145 

0.8 

Altken and Roche 

1981 Apr 

0.06 

0.115 

0.5 

this paper 


Table 2 





H„CO Band Frequencies In 

Solids 


Mononer * 


A 

B..C0: H„0 ^ 

Diner * 

Associated 

HD 97048 

see 

Ar 

**2 

Ar 

Ar 

Ar 


2782 

2797 

2800 

2817 

2810 

2829 

2833 

2843 

2863 

2865 

2884 

2873 

2885 

2915 


refereoccs: a) Khoahkhoo and Nixon 1973; b) Nclandar 1980; 

c) Barvcy and Ogllvlc 1962: d) thla paper 


Figure CapUoni 

Figure 1. Tbe 3.37 to 3.64 fjm spectrum of HD 97046 ratloed to that of y Cha, 
at obsereed with a spectral resolution AX of 0.0076 fjm (X/AX s 450). The 1061 
sp^trum was sampled at O.OOe pm intervals, the 1962 spectrum at 0.004 pm 
intervals. 

Figure 2. Raman spectra ot H|CO in solid argon (top figure) and nitrogen 
(lower figure) recorded at 22K, reprinted from Khoshkhoo and Nixon (1973). 
Faatures due to monomeric and dimeric H«CO are Indicated by H and D. respec* 
ttvely. 
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